We present 2D-spatially and temporally resolved measurements of the emission of selectively oxidized stateof-the-art VCSELs of intermediate aperture sizes, showing their rich modal, polarization, spectral, and spatial dynamics. For the characterization of the repetitive dynamics we performed experiments with a technique we developed called TRIDA (Temporally Resolved Imaging by Differential Analysis) providing a temporal resolution down to 10 ps. From the temporal evolution of the near-field emission we provide a comprehensive overview of the phenomena in the turn-on dynamics. The evolution of the spatial intensity distribution of the transverse modes over a range of some nanoseconds is presented and discussed. Complementary, we have taken single-shot images of the near-field emission of 3 ns short pulses in order to characterize the nonrepetitive part of the dynamics and to get a deeper understanding of the dynamical processes arising from the interaction of transverse modes in the turn-on process. We find strong variations in the intensity distribution among the transverse modes and the polarization directions, indicating the onset of spatio-temporal chaos. A correlation analysis for the modal intensities is performed showing the influence of the competition for the available spatial and spectral gain.
INTRODUCTION
Vertical-cavity surface-emitting lasers (VCSELs) are mature semiconductor laser structures which have undergone the development from laboratory samples to important commercial devices nowadays, and have found various areas of application, most prominently in datacom.
1, 2 They exhibit various advantages over edge emitting lasers, e.g., single-longitudinal-mode emission, narrow circular output beams, on-wafer-testing capability, and easy integration in two-dimensional (2-D) arrays. The turn-on behavior of VCSELs on picosecond and nanosecond time scales plays an important role for their performance in datacom applications, in particular for the desired high transmission rates. To ensure sufficient output power for optical data links and optical signal processing, VCSELs with aperture sizes of more than 10 µm are being used. 3 In VCSELs with such aperture sizes, the onset of easily more than ten transverse modes can be observed, which negatively affects the desired device performance. [4] [5] [6] Therefore, combined spatial, spectral, and temporal investigations are needed. Furthermore, the observation, analysis, and understanding of the spatio-temporal dynamics on picosecond timescales, associated with the multiple transverse modes, is also of fundamental importance. Physical insight into the underlying mechanisms and laser-matter interaction determining the dynamics is desired. Until recently, mainly spatially integrated 7, 8 and one-dimensional cuts 9 of the time-resolved dynamics of the near-field intensity had been published, precluding investigations of the dynamics of the full 2-D-spatial interactions.
We have developed an experimental technique called TRIDA (Temporally Resolved Imaging by Differential Analysis) which allows us to extract the full 2-D evolution of the near-field intensity on timescales down to 10 ps. 10 TRIDA is applicable to extract the repetitive dynamics of the laser's emission, denoting the part of the dynamics which remains after averaging over a large number of turn-on events. In addition to the spatial and temporal resolution, the emission has been polarization-and spectrally resolved in order to gain insight into the different interaction mechanisms. Such detailed information allow for direct comparison of the results with theoretical modeling. In addition, great effort has been taken to investigate the nonrepetitive part of the emission dynamics. Nonrepetitive dynamics denotes the individual turn-on dynamics of each optical pulse, differing from pulse to pulse under identical conditions. We present 2-D spatially resolved single-shot measurements of the VCSEL's emission when pumped with single electrical nanosecond pulses. We find strong irregular spatiotemporal emission dynamics. The measurements of the nonrepetitive dynamics complement and complete the picture of the turn-on emission dynamics. On the one hand it is shown to be compatible with the measurements of the repetitive dynamics and on the other hand it reveals further details of the spatio-temporal dynamics and provides further insight into the interaction mechanisms in the active region which are averaged in repetitive measurements. Finally, it allows the analysis of the interaction processes of transverse modes via a correlation analysis for the modal intensities.
The paper is organized as follows: In Section 2.1, we give detailed information on the investigated laser and the experimental setup, while Section 2.2 describes the TRIDA method. Section 3.1 presents the results on the polarization, spatially and spectrally resolved near-field dynamics. In Section 3.2 the complementary measurements of single turn-on events are presented, including a correlation analysis for the modal intensities. Section 4 contains the analysis and discussion of the underlying mechanisms contributing to the observed dynamics. A summary and an outlook are presented in Section 5.
EXPERIMENTAL SETUP

Investigated VCSELs and Experimental Setup
The investigated devices are selectively oxidized state-of-the-art VCSELs, with aperture sizes from 10 µm to 14 µm and a maximum optical continuous wave (cw)-output power of 2.5 mW to 3.7 mW at room temperature, respectively. The active medium consists of three quantum wells. The center emission peak wavelength under cw operation amounts to 852 nm, slightly dependent on the injection current. The threshold currents were measured to be between 1.20 mA and 2.30 mA. The experimental setup which has been used for the spatio-temporal measurements is illustrated in Fig. 1 . The VCSELs have been pumped with short rectangular electrical pulses with variable width between 300 ps and 3,000 ps and a period of 1 µs from a pulse generator. The current has been evaluated by comparing the optical output power of quasi-cw-operation and cw-operation. In order to allow measurements of both polarization directions simultaneously, a beam displacement prism (BDP) has been introduced into the beam, separating the laser beam into two orthogonally polarized beams with a spatial displacement of approximately 3.5 mm. The polarization directions are aligned along the cristallographic axes, and will be referred to as the 0
• direction and 90
• direction for the one orthogonal to it. The near-field emission has been imaged onto a CCD or an ICCD camera, by using an aspheric lens with a focal length of 4.5 mm. The CCD camera, having an intensity resolution of 14 bits, was used for the measurements of the repetitive dynamics presented in Section 3.1, because due to long shutter times it integrates over many optical pulses. For the measurements in Section 3.2 concerning single events of the turn-on dynamics, an intensified CCD-camera with a fast shutter time (down to 600 ps) and an intensity resolution of 10 bits has been used. Various optical attenuators have been used to prevent an over-exposure of the camera. An imaging spectrometer with a focal length of 1 m has been used to achieve the spectral resolution while maintaining the spatial resolution.
TRIDA
We start from the idea that the lasers' emission dynamics can be separated into a repetitive and a nonrepetitive part. First, we concentrate on the repetitive part of the dynamics, which is the part of the emission dynamics which remains after averaging over a large number of optical pulses under identical conditions. In order to extract the repetitive part of the emission dynamics, we need to ensure that our measurements cover a statistically significant number of pulses. Therefore, the CCD-camera integrates over many pulses, by operating the pulse generator such, that it continuously delivers pulses. The number of recorded pulses is determined by the time the camera's shutter is opened. The shutter of the CCD-camera remains open for exposure times of 200 ms to 2,000 ms, therefore it integrates over 200,000 to 2,000,000 optical pulses. The optimal observation time has been determined from test-exposures, guaranteeing optimal usage of the camera's dynamical resolution and a statistically significant measurement. The laser is pumped with rectangular electrical pulses with a shape, as schematically shown in Fig. 2 (a)
with t i < t i+1 , I on > I threshold , and a pulsewidth of t P uls = t i − t 0 . As response, the laser's emission shows the typical relaxation-oscillations, as schematically depicted in Fig. 2 (b) . To achieve a better impedance matching, the laser is pre-biased at about half the threshold injection current, corresponding to I of f . The measured rise time of the pulses is lower than 400 ps. The spontaneous emission accumulated on the camera due to the pre-bias is negligible compared to the contribution of the laser emission. The momentarily emitted power is obtained by the substraction of two images of the near-field intensity with a slight difference in the electrical pulse width. This scheme is shown in Fig. 3 . The dynamics of the turn-on process can now be reconstructed by increasing the pulse width step by step.
The achievable temporal resolution of this method is limited by the following condition: The local increase of the spatial intensity distribution of the near-field emission by increasing the pulse width by a short amount has to be larger than all detrimental influences like spontaneous emission, turn-on jitter, and drifts in the intensity of the laser emission. Only when this condition is fulfilled, the measurement is reproducible and showing the repetitive part of the emission dynamics. Therefore, an appropriate stabilization of the operating conditions for the laser is crucial in order to obtain a good temporal resolution. This condition was checked by comparing difference-images for unchanged conditions with consecutive difference-images. For the actual setup and operation conditions the achievable temporal resolution of the emission dynamics of these VCSELs amounts to 30 ps which is sufficient to resolve the dynamics of the emission. In order to increase the signal-to-noise-ratio and the intensity resolution of the near-field emission images eight images of the near-field intensity are summed up before determining the momentarily emitted power by substraction. Now that we have discussed the principle and the reliability of TRIDA, the obtained results will be presented in the next section. The left image shows the near-field, integrated over 300,000 pulses for a VCSEL of 10 µm aperture size operated at a pulse width of 2560 ps and at an injection current of 6 times the threshold. The next image shows the same situation for the slightly shorter pulse width of 2530 ps. At the right, the difference of both images of the near-field intensity is shown, corresponding to the temporal evolution of the repetitive dynamics of the near-field with a temporal resolution of 30 ps. A linear grayscale encoding was used for all images.
EXPERIMENTAL RESULTS
Spatially, Polarization, and Spectrally Resolved Near-Field Dynamics of the Turn-on Process
In this section the turn-on behavior for two different VCSEL-structures at two different injection currents is analyzed. Because different transverse modes in a VCSEL correspond to different wavelengths, it is possible to spatially separate the modal intensity profiles by using an imaging spectrometer, maintaining their spatial structures. The turn-on dynamics of the 10 µm-VCSEL at an injection current of 3 times the threshold is shown in Fig. 4 . Evolution of the VCSEL's spatially, spectrally, and polarization-resolved near-field intensity during turn-on for a VCSEL of 10 µm aperture diameter operated at an injection current of 3 times the threshold. Above every snapshot the temporal position of the differential image is given in picoseconds. A linear grayscale encoding was used. A snapshot represents the increase in near-field intensity during 30 ps, with white representing the maximal intensity increase. The left part of each image shows the 0
• polarization direction, the right part the 90 • polarization direction. A wavelength scale is given on the left side, the longest wavelength being on top.
The horizontal axis represents a spatial coordinate, the vertical axis is a combination of both spatial and spectral coordinates, with the wavelength increasing from the bottom to top of each snapshot. For a detailed Figure 5 . Evolution of the VCSELs spatially, spectrally, and polarization-resolved near-field intensity during turn-on for a VCSEL of 14 µm aperture diameter operated at an injection current of 5 times the threshold. Above every snapshot the temporal position of the differential image is given in picoseconds. A linear grayscale encoding was used. A snapshot represents the increase in near-field intensity during 30 ps, with white being the maximal intensity increase. The left part of each image shows the 0
• polarization direction, the right part the 90
• polarization direction. The scale for wavelength is shown on the left side, the longest wavelength being on top.
explanation of these spatially and spectrally resolved images see Degen et al.. 5 The beam-displacement prism has been carefully aligned to prevent wavelength offset between both polarization directions. The polarization directions are indicated at the bottom of the image, and the temporal positions are given on top of the images in picoseconds after the start of the electrical pulse. The birefringence splitting which corresponds to the spectral spacing between the fundamental Gaussian modes in the orthogonal polarization directions is quite noticeable. A rough estimation of the birefringence splitting provides a value of approximately 10 GHz. For a better visualization, every differential snapshot of the laser's near-field intensity has been individually normalized to its maximum intensity after the subtraction. This allows us to pursue the qualitative changes of the emission, but not to compare the absolute intensity among the images. The emission starts 1050 ps after applying the electrical injection current mainly in the fundamental mode in both polarization directions. During the turn-on, the emission dynamics is very similar in both polarization direction and a continuous shift towards modes of higher order is visible. Fig. 5 shows the dynamics of the turn-on process of the 14 µm-VCSEL at an injection current of five times the threshold. A quite large spectral spacing between the fundamental modes in both polarization directions displays a strong birefringence in these devices, which amounts to about 60 GHz. The VCSEL begins to lase 410 ps after the injection of the electrical pulse, significantly earlier than the 10 µm-VCSEL in Fig. 4 , in a superposition of many transverse modes. After 980 ps the laser emits more than ten transverse modes in each polarization direction. At t=3000 ps a complementary near-field emission between both polarization directions is visible, referring to a behavior where one or more transverse modes lase strongly in only one of the both polarization direction. This behavior is most pronounced for the fundamental mode, lasing only in the 0
• -polarization, and the mode of first order, lasing predominantly in the 90
• -polarization. In spite of the fact, that the fundamental mode in the 0
• -polarization direction shows the highest local intensity, the emission is again dominated by the large number of higher order modes. It is remarkable that the modal intensity profiles are washed out for the image at t=410 ps, while the structures are getting clearer and clearer during turn-on, indicating spatio-temporal dynamics within the modal structures.
Nonrepetitive Near-Field Emission Dynamics
After presenting a comprehensive overview over the repetitive dynamics of the turn-on process, this section concerns the nonrepetitive part of the dynamics, providing new details of the spatio-temporal dynamics and deep insights into the interactions mechanisms in the active region. Some numerical modeling indicate the onset of nonrepetitive dynamics, 11, 12 and also first experimental investigations show the importance of nonrepetitive dynamics.
10 Therefore, the measurements of the nonrepetitive dynamics complement and complete the picture of the VCSEL's turn-on dynamics. We present measurements of the near-field intensity distribution performed with low exposure times, using the previously explained setup, however with the fast-gated ICCD camera. Due to the short exposure times of down to 600 ps, it is possible to gain single-shot images of the emission dynamics of the turn-on process for only one pulse, in contrast to the TRIDA method which averages over a large number of pulses. Three snapshots of single-shot events are depicted in Fig. 6 . Each image shows the near-field intensity distribution of the VCSEL's emission when pumped with an electrical pulse of 3 ns width and a current of seven times the threshold. The upper part of each image shows the 0
• polarization direction, the middle part the 90
• polarization direction. At the bottom the sum of both polarization (i.e. the total intensity) is shown. By summing up the intensity distribution over a large amount of single-shot snapshots, the same near-field intensity distribution profiles as in the time integrated measurements are obtained. This is shown for a sum over 100 images in Fig. 6 , showing a spatial intensity distribution similar to the images of the near-field emission obtained with TRIDA, providing the link between TRIDA and single-shot measurements. The strong variations of the spatial intensity distribution of the near-field emission demonstrate the strong nonrepetitive component of the VCSEL's emission. From the images in Fig. 6 a pronounced complementary behavior of the intensity distribution between both polarization directions becomes obvious. This complementary behavior is supported by the less structured intensity distribution of the total near-field emission intensity. We emphasize that the irregular emission dynamics prevails even for cw-operation. Figure 6 . Single-shot images of the VSCEL near-field emission intensity for a VCSEL of 10 µm aperture diameter operated at an injection current of 7 times the threshold. Each image represents one 3-ns pulse at the same pumping condition as before. The upper part of each image shows the 0
• polarization direction, the middle part the 90 • polarization direction. At the bottom the sum of both polarization directions (i.e. the total intensity) is shown. The right column shows the near-field emission intensity after summing over 100 single-shot images as a link to the TRIDA method. A linear grayscale encoding was used.
To gain further insight into the spatio-temporal fluctuations in the near-field emission, we have separated the modal structures by spectrally resolving them. The results are shown in Fig. 7 for the 10 µm VCSEL at an injection current of two times the threshold. The low injection current in this case was chosen intentionally for only having three dominant transverse modes in both polarization directions. This represents a basic situation for studying the correlation of the modal intensities. Again, the polarization directions are shown at the bottom of the three single-shot images. From these images we can get a qualitative picture of the correlation of the modal intensities: For instance, the fundamental mode in the 0
• polarization direction is dominating the emission in image #1, while in image #2 the fundamental mode in the 90
• polarization direction is dominant. In image #1 a strong complementary situation is visible in both polarization directions: each mode emits only in one of the Figure 7 . Spectrally resolved single-shot images of the near-field emission intensity for a VCSEL of 10 µm aperture diameter, obtained for identical operating conditions at an injection current of 2 times the threshold. Each image represents the emission for one 3 ns electrical pulse. The left part of each image shows the 0
• polarization direction, whereas the right part shows the 90
• polarization direction. A linear grayscale encoding was used.
two polarization directions. This may seem surprising, because in Fig. 4 all of these three modes appear with equal intensities in both polarization directions. However, the TRIDA results are based on the averaging over a large number of optical pulses. The strong fluctuations of the near-field emission visible in Fig. 7 underline the importance of the nonrepetitive dynamics and therefore the single-shot measurements, as the TRIDA-method is not able to resolve this kind of behavior. Only both methods in combination, capturing the repetitive and the nonrepetitive dynamics, give a complete picture of the emission dynamics of the turn-on process.
Being able to separate the transverse modes, a correlation analysis of the modal intensities can be performed. For this analysis the intensities are integrated over the spatial mode profiles for each transverse mode. For N=500 images, like the ones shown in Fig. 7 , obtained under identical conditions, the intensities I k (i) are extracted. For the intensities I k (i), i numbers the frame, whereas k denotes the mode. The areas for the integration over the modal structures were chosen very carefully in order to avoid overlap between the integration areas for different modes. The cross-correlation coefficients have been calculated as follows:
The cross-correlation coefficient σ kl for two modes numbered k and l ranges between -1 (perfect anti-correlation, originating from a competition of the two modes) and +1 (perfect correlation, representing simultaneous emission of the two modes). If σ kl equals zero, there is no correlation between the modes, meaning that there is either no interaction of the two modes or the competing and co-supporting features balance each other. A cross-correlation coefficient of |σ kl | > 0.1 represents a statistically significant correlation (anti-correlation) with an significance level larger than 0.99. The cross-correlation coefficients σ kl for the 10 µm VCSEL at an injection current of two times the threshold are shown in Tab. 8. The different modes and polarization directions are indicated by their mode profiles and an arrow beneath. To distinguish the polarization states of the modes we refer to co-polarized modes when comparing two modes in one polarization direction and contra-polarized modes when comparing modes in different polarization directions. From these data three features can be extracted: First, the modal intensities are anti-correlated for modes with a high spatial overlap of their modal profiles. Correspondingly, the contra-polarized LG 00 -, LG 10 -, and LG 01 -modes are strongly anticorrelated. In contrast, the intensities for modes having a small overlap are correlated. This is represented for instance for the co-polarized pair of the LG 01 -and LG 10 -mode, having a positive cross-correlation coefficient. Second, the modal intensities for co-polarized modes having a spatial overlap are stronger anticorrelated than for the same contra-polarized modes, which can be even positively correlated. This is the fact for the co-polarized pair LG 00 -and LG 10 , which is anti-correlated, while the contra-polarized pair LG 00 -and LG 10 is correlated. For modes with no or little spatial overlap, i.e. the LG 10 -and the LG 01 -modes, this behavior is not observed, but a competition among the polarization directions is observed as the spatial effects are not predominating in this case. Third, comparing contra-polarized pairs of modes with the same spatial overlap, modes with a smaller spectral separation are less correlated than modes with a larger spectral separation. This is represented by the mode-sets LG 10 in the 0
• polarization direction and the LG 00 in the 90
• polarization direction, which are less correlated than the LG 00 -mode in the 0 • polarization direction and the LG 10 -mode in the 90
• polarization direction. For a higher injection current more transverse modes are lasing, making an unambiguous interpretation of the data more complicated. In spite of this, the main features presented in this paragraph remain valid. As mentioned before the spatio-temporal fluctuations prevail even for cw-operation and the same characteristics of the interaction of the lasing modes are found to be valid, too.
ANALYSIS OF THE UNDERLYING MECHANISMS
After presenting the experimental results, in this section the underlying mechanisms leading to the observed dynamics will be discussed. The discussion starts with the analysis of the spatio-temporal dynamics of the turn-on process giving an overview of the mechanisms governing the emission dynamics. The spatio-temporal fluctuations of the near-field emission dynamics characterized with the aid of the single-shot images will be addressed, concentrating on the modal competition, as this analysis provides insights into the interaction mechanisms in the active region.
We find that the laser turns on in modes of low order, before in the further time evolution higher order modes begin to contribute to the emitted intensity. Modeling results concerning the turn-on behavior also indicate that the laser starts to emit in low order modes due to their lower threshold, compared with higher order modes.
11
In addition, the laser emission starts in a smaller number of transverse modes for the VCSEL with an aperture size of 10 µm compared to the 14 µm-VCSEL, resulting from the ring-contact pump profile which favors modes of higher order, in particular for VCSELs of larger aperture sizes. Also a higher injection current forces the laser to emit in a higher number of transverse modes. As theoretically shown, the turn-on delay (the time between applying the electrical pulse and the start of the laser emission) depends strongly on the injection current.
13
Spectrally, however not fully spatially resolved experiments performed by Buccafusca et al. 7, 8, 14 agree very well with the observed behavior. The set of excited modes during the first 100 ps after turn-on depends on pumping conditions, and there is little change in the relative intensity increase among the modes, indicating that during this time the threshold behavior of each mode dominates the evolution of the spectral emission properties. 8 The subsequent dynamical behavior is a result of spatial and spectral interactions of transverse modes taking place in the device. The complementarity between both polarization directions, shown in Fig. 5 , originates from a competition of both polarization directions for the available gain in the active medium. Between the polarization directions, transverse modes with a minimum spatial overlap are favored. Theoretical calculations also predict this behavior.
11, 15
The single-shot images in Section 3.2 clearly indicate that nonrepetitive dynamics also play an important role in the VCSEL's emission. This nonrepetitive part can be either due to the influence of spontaneous emission in the buildup of every turn-on pulse, or due to the onset of chaotic dynamics in these devices. Numerical results predict the importance of nonrepetitive dynamics, and even chaotic emission due to nonlinear spatio-temporal interaction of laser emission and active medium.
11 Our experimental findings of the small turn-on jitter, and furthermore, the retarded onset of the evolution of the spatio-temporal dynamics several tens of picoseconds after the onset of the laser emission indicate that spatio-temporal chaos can indeed be found in the VCSEL's emission. Single-shot measurements under cw-operation show that the strong spatio-temporal fluctuations prevail and therefore are no transient effect.
The analysis of the correlation of the modal intensities is very fruitful to gain insight into the interaction processes of the coexisting transverse modes in a VCSEL. In particular we find the competition of modes having a spatial overlap, reflecting a competition for the available spatial gain. In addition, we find competition of co-polarized modes and polarization directions, reflecting a polarization-sensitive competition, and finally a competition of modes having a small spectral separation, revealing spectral influences on the selection of coexisting modes. The strongest mechanism is the dynamical selection of a set of modes having low spatial overlaps, resulting in a most efficient usage of the available spatial gain. The interaction among the different transverse modes is dominated by the spatial holeburning effect. Concerning two modes having a spatial overlap, one mode lases and depletes the available local spatial gain, resulting in a low intensity of the other mode. It has been theoretically shown that slight differences in gain are sufficient to determine, whether one mode lases or not.
16
Another mechanism governing the set of lasing modes is a competition within one polarization direction: In this case, again the spatial overlap is important, but here in addition polarization-sensitive effects contribute. An explanation could be provided by the spin-flip-model, however quantitative calculations are required to confirm this interpretation. A competition between polarization directions has been observed like theoretically predicted.
11, 15
The third, weakest, effect shows a spectral influence on the selection of coexisting modes. By comparing pairs of modes of same overlap and polarization conditions having different spectral separations it becomes visible, that modes with a large spectral separation are favored. This shows that also spectral hole burning contributes to the modal competition.
SUMMARY AND OUTLOOK
We have gained comprehensive insights into the dynamics and the underlying mechanisms of the turn-on process of VCSELs. By using a combination of two complementary methods measuring the repetitive, as well as the nonrepetitive parts of the emission dynamics with spatial, temporal, spectral and polarization resolution, we are able to provide a complete picture of the emission dynamics. Via TRIDA, we have shown that the analyzed devices turn on in a few low-order transverse modes, determined by the pumping conditions and aperture size. During the first 100 ps the relative intensity increase distribution remains nearly constant. The subsequent emission is characterized by a shift of the emission towards modes of higher order in agreement with modeling and previous experiments. In addition to the repetitive dynamics, single-shot measurements give evidence for a strong nonrepetitive contribution to the near-field emission, indicating the onset of spatio-temporal chaos in these devices. With the aid of a correlation analysis for the intensity of the transverse modes, we have found the spatial overlap having a strong influence on the selection of coexisting modes. A competition of copolarized modes and polarization directions has been observed, leading to the complementary emission between the orthogonal polarization directions. In addition, spectral influences on the selection of transverse modes have been identified. Both methods, TRIDA and the single-shot measurements, have proven to be mature and valuable methods for the characterization of the turn-on dynamics of VCSELs. In particular the combination of both provide comprehensive insights into the dynamical behavior of VCSELs. After revealing the pronounced nonrepetitive nature of the VCSEL's emission in the turn-on process, a wide field for further measurements and investigations opens up and the newly developed fast-gated ICCD cameras provide an excellent tool for these measurements. The study of the dynamics of VCSELs will remain an interesting research field, promising further insight into the physics of semiconductor lasers and providing the perspective for further device optimization.
